Genome mapping involves the confinement of long DNA molecules, in excess of 150 kilobase pairs, in nanochannels near the circa 50 nm persistence length of DNA. The fidelity of the map relies on the assumption that the DNA is linearized by channel confinement, which assumes the absence of knots. We have computed the probability of forming different knot types and the size of these knots for long chains (approximately 164 kilobase pairs) via pruned-enriched Rosenbluth method simulations of a discrete wormlike chain model of DNA in channel sizes ranging from 35 nm to 60 nm. Compared to prior simulations of short DNA in similar confinement, these long molecules exhibit both complex knots, with up to seven crossings, and multiple knots per chain. The knotting probability is a very strong function of channel size, ranging from 0.3% to 60%, and rationalized in the context of Odijk's theory for confined semiflexible chains. Overall, the knotting probability and knot size obtained from these equilibrium measurements are not consistent with experimental measurements of the properties of anomalously bright regions along the DNA backbone during genome mapping experiments. This result suggests that these events in experiments are either knots formed during the processing of the DNA prior to injection into the nanochannel or regions of locally high DNA concentration without a topological constraint. If so, knots during genome mapping are not an intrinsic problem for genome mapping technology. Published by AIP Publishing. [http://dx
I. INTRODUCTION
Genome mapping in nanochannels 1 is an emerging genomic method 2 that is ideally suited for creating scaffolds for de novo genome assembly, [3] [4] [5] as well as searching for structural variations in genomes [6] [7] [8] that have profound impacts on phenotype and disease states. 9 As illustrated in Fig. 1(a) , this technology relies on labeling long pieces of DNA with a sequence-specific label. 1 The labeled DNA is then inserted into a square nanochannel whose width (45 nm) is close to the persistence length of double-stranded DNA in a high ionic strength buffer. 10 The DNA stretch within the channel, and the location of the labels are obtained by fluorescence microscopy. By also staining the DNA backbone with YOYO-1, each label can be associated with a particular molecule of DNA. The resulting data are digitized to create the genomic map; the genomic distance between labels on each molecule comprising the consensus map is computed from their physical distance through the average stretching of the DNA molecule in the channel.
The presence of knots within the DNA is a potential problem for the accuracy of genomic mapping in nanochannels.
11 Figure 1(b) illustrates one possible effect of a knot. Here, the knot pulls two contiguous labels closer together along the channel axis, leading to a reduction in the distance between labels "2" and "3." In a genomics experiment, this reduction might be called as a deletion, even though the total amount of DNA between the two labels has remained the same. Published by AIP Publishing. 11, 024117-1 causes labels "2" and "3" to appear out of order. Such an event might be interpreted as a complicated structural variation, but is in fact a result of topological rearrangement of the DNA in the channel rather than some biological outcome.
It is thus important to understand the frequency and size of knots in DNA in a nanochannel. In a recent experimental study, Reifenberger et al. examined the frequency and size of anomalously large YOYO intensity signals during genome mapping, which presumably correspond to regions of the nanochannel that have multiple strands of overlapping DNA. 11 Of the 189 153 molecules in that study, 7.3% exhibited a high YOYO fluorescence somewhere along their backbone. Over 50% of these molecules were folded at the leading edge. The remaining anomalous intensity events, which were distributed throughout the molecule backbone, have relative intensities of up to 10Â the typical YOYO fluorescence, with a peak at 3Â. Such intensities are consistent with the presence of knots; a trefoil knot would produce approximately 3Â intensity and more complex knots could produce even higher intensities. However, these experiments do not provide a definitive result on the topology of these regions. For example, an S-loop would produce the same threefold intensity increase as a trefoil knot. 11 In the course of their discussion, Reifenberger et al. attempted to compare their experimental data to the extant simulation literature on knotting of DNA in nanochannels. 11 While quite a lot is known [12] [13] [14] about knotting of polymers confined in three dimensions (e.g., in a bacterial capsid) or in the plane, there are considerably less data for the thermodynamics of knotting of linear DNA in a nanochannel. The most relevant work falls into two categories. On the one hand, Micheletti and co-workers have developed a substantial body of work on the knotting of DNA in a wide range of channel sizes, [15] [16] [17] [18] [19] but these simulations generally involve contour lengths that are almost an order of magnitude smaller than those used in genome mapping. For example, Suma et al. 19 studied the dynamics of DNA knotting and unknotting in a 56 nm channel, a channel size that is highly relevant for genomic mapping. However, the maximum length of the DNA in their study was 4.8 lm, whereas the minimum length of DNA used for genomic mapping is around 50 lm. Moreover, the typical size of a potentially knotted region of DNA in the experiments by Reifenberger et al.
11 is around 5 kilobases (approximately 1.7 lm), which would represent a substantial fraction of such a small molecule. On the other hand, Doyle and coworkers have studied knotting of longer chains, 20, 21 up to 20 lm. However, these chains were confined to channels that are over 100 nm, which is too large for genomic mapping. 22 Motivated by this gap in the literature and its importance for addressing unanswered questions raised by Reifenberger et al., 11 we have performed simulations of DNA knotting in nanochannels ranging from 35 nm to 60 nm at a contour length of 56 lm (approximately 164 kilobase pairs), which is the relevant range of channel sizes and near the lower bound for FIG. 1 . Illustration of the effect of knot formation on genome mapping in nanochannels. The upper schematics correspond to what would be obtained in two-color fluorescence microscopy images of the DNA backbone (green) and the sequencespecific labels (red). The image data are reduced to a one-dimensional genomic map indicating the relative positions of the labels within the channel, illustrated in this cartoon by the lower schematics. (a) In the ideal circumstance, the DNA is in a linear form without any knots, producing a genomic map where the physical distance between labels in the channel is proportional to the genomic distance between them on the DNA. The consensus of many such measurements is the reference genomic map. (b) A trefoil knot can produce an apparent deletion in the genomic map by pulling together the two interior labels within the channel. (c) A trefoil knot can scramble the labels on the DNA backbone. The corresponding genomic map suggests a complicated set of structural variations with respect to the reference genomic map. the molecular weight for genomic mapping. Our work takes advantage of a pruned-enriched Rosenbluth method (PERM) for generating configurations of long chains in confinement and their statistical weights, [23] [24] [25] which are then analyzed in a post-processing step using standard Alexander polynomials. 26 Our results suggest that the knotted events observed by Reifenberger et al. 11 are not representative of the equilibrium ensemble. This speculation has implications for the practice of genome mapping in nanochannels.
II. SIMULATION METHOD
We model the DNA as a discrete wormlike chain of N b touching beads of diameter w, following our previous work. 27 The bending penalty between trios of continuous beads is accounted by the potential
where k B is Boltzmann's constant, T is the absolute temperature, j is the bending penalty parameter, and h is the angle between the beads. The bending penalty j is related to the persistence length, l p , through the relation
Excluded volume interaction is incorporated by enforcing hard-core repulsion between all beads and between the beads and the walls, treating the beads as hard spheres of diameter w. Due to the bead-wall interaction, the effective channel size available to the beads is (most often when the channel size is small), each set of simulations produces a different number of configurations for analysis. The total number of configurations, N c , produced by 1:5 Â 10 5 tours for each channel size are reported in Table I . For a given configuration j, we then need to determine the number of knots within that chain from fr i g j . To minimize the computational overhead, this operation is done in the two steps illustrated by a typical example in Fig. 2 . In the first step, we screen the chain for potential knots in a manner similar to what was done in experiments. 11 We divide the channel into bins of width w b , and then count the number of beads in each bin. The axial segment density profile, q s ðxÞ, along the channel axis, x, is then simply the number of beads in a bin divided by w b . As this is only a screening step, there is some flexibility in the choice of w b ; a small value of w b will count too many small fluctuations and flag many bins as possible knots, while a large value of w b will reduce the dynamic range of q s ðxÞ and make it challenging to determine an appropriate cutoff value for the segment density. We found that w b ¼ 20 w (equivalent to 112 nm) and a cutoff value q s ¼ 2 provided robust results, illustrated in the example in Fig. 2 . While there are a number of regions in Fig. 2 with q s > 2 that are not knotted, it is important to be conservative at this stage to avoid missing knotting events.
We then analyze the knotting only for those chains having at least one bin with q s > 2. Typically, multiple contiguous segments with q s > 2 are observed, which we group together using a clustering algorithm to identify a region with a potential knot. It is possible to have multiple clustered structures scattered throughout a chain, and hence, a possibility of multiple knots in a single chain. For example, Fig. 2 has 10 clustered regions that could be knots. We then test for knotting by extracting the bead coordinates r i that lie within a given clustered region with q s > 2 and analyze the resulting subchain with the R package RKnots. 31, 32 Since these subchains are linear and mathematically any knot is defined in a closed loop, a centroid closure algorithm 33 is applied first to obtain closed loops, and then, the Alexander polynomials 26 are calculated. The output of RKnots is a symbolic expression for the Alexander polynomial, which can be used to identify the knot type. For some subchains, the polynomial is 1, which corresponds to the unknotted objects shown by purely green segments in Fig. 2 . Such subchains have high segment density, but no knots. Subchains whose polynomial is not 1 contain a knot somewhere therein, as depicted by the orange segments in Fig. 2 . Note that there are some limitations in using the Alexander polynomial to detect very complex knots.
14 Since our work focuses on a reasonably tight confining geometry, we hardly observe such cases but denote these rare events as "unknown" or "UN."
The output of the knot analysis provides the number of knots on chain j, N k j , the type of each of these knots, and the number of beads, N k b , involved in the knot. It proves convenient in what follows to convert the latter value into a knot contour length via PERM is a biased chain growth method, so we need to remove the bias to construct statistics from the data. As is the case in typical PERM simulations, 23 the total Rosenbluth weight of the simulation is the sum of the weights of each chain in the ensemble
The probability of observing a knot is then given by
The probability of observing k knots within a chain is computed in an analogous manner, where the summation in Eq. (5) now runs over all chains containing k knots.
Since one chain with weight W j can contain multiple knots (e.g., the chain in Fig. 2 ), we need to also compute a total Rosenbluth weight for the knots
The values of L k obtained from knots within configuration j are then re-weighted by W j =W k to remove the bias for constructing histograms for the distribution of L k .
III. RESULTS
The experiments by Reifenberger et al. 11 provide observations on the probability of suspected knot formation and the size of those knots, assuming that the anomalously high YOYO intensity events located on the interior of the chain are indeed knotted DNA. We thus analyze our data with respect to these two observables, beginning with the probability of observing a knot. Since our simulations have higher spatial resolution than the experiments, we also provide data on different knot types and their frequencies.
A. Knotting probability Table I reports both the number of configurations obtained for each channel size and the number of such configurations that contain at least one knot. Note that the ratio of these values is not the probability of obtaining a knot, since PERM is a biased simulation method-different configurations contribute different weights to the ensemble average. After removing the bias, we obtain the knotting probability in Fig. 3 . The knotting probability drops precipitously as the channel size decreases, from a maximum value of 59.3% at H ¼ 60 nm to 0.3% at H ¼ 35 nm.
The strong decrease in knotting probability as the channel size decreases is related to the concomitant increase in the global persistence length. As explained by Odijk, 34 the global persistence length g is the renormalized persistence length for an effective one-dimensional random walk along the channel axis for an ideal chain. In other words, the global persistence length is the typical distance between hairpin turns in the absence of excluded volume interactions. Subsequently, Muralidhar et al. 30 have proposed a correction to Odijk's global persistence length theory for a square nanochannel 34 that provides good correspondence between simulations and the theory down to channel sizes H % 0:5l p . Figure 3 (a) provides the value of the global persistence length for the channel sizes used here, which fall within the range where the corrected theory is valid. 30 Inasmuch as a knot requires making multiple hairpins, we would expect the probability of knotting to drop precipitously when L ) g is not satisfied. This is indeed the case for the smallest channel sizes.
Satisfying the criterion L ) g is a necessary but not sufficient condition for frequent hairpin formation, since the global persistence length is a property of an ideal chain. 30 It is also important that the excluded volume created by a hairpin turn be small. Odijk 35 proposed that the relevant quantity is the ratio of the excluded volume created by a hairpin turn to the channel volume available to the polymer involved in the hairpin. For a square channel, this ratio is
Figure 3(b) provides the companion data for n as a function of channel size, plotted again with the knotting probability to facilitate comparison with Fig. 3(a) . When n > 1, the excluded volume created by a hairpin is strong and hairpin formation is infrequent. 30, 35 Thus, even if we simulate extremely long chains at H ¼ 35 nm, we would continue to expect to have low knotting probabilities due to the rarity of hairpin formation owing to excluded volume. Conversely, the excluded volume penalty at H ¼ 60 nm is not especially strong, so hairpin formation is frequently provided L ) g, which is indeed the case in our simulations. When knotting is rare, there is the possibility for correlations in the PERM data within a given tour, bearing in mind that the 1:5 Â 10 5 tours themselves are independent. In the context of studying knotting, we might expect either of the two correlations illustrated in Fig. 4 . In one case, there are configurations that, if they are enriched, have a tendency to promote knot formation nearby during the chain growth. In this case, there is a tendency for the knots to be located in the same region within the channel but the knots themselves are different. In the second case, the chain growth leads to a knot and subsequent enrichment leads to that same knot appearing many times in the data set.
For the smaller channel sizes (H ¼ 35 nm and 40 nm), the knots tend to be localized at particular points along the channel. To aid in this analysis, let us define a normalized knot position 
where x k is the axial position of the center of mass of knot k, x min is the axial position of the bead located at the smallest value of x, and X is the span of the chain in the channel Figure 5 shows the distributions for d k for the different channels studied here. It is clear that the 35 nm channel (which exhibits very infrequent knotting) had all of its knots approximately 60% and 80% of the way along the chain. In addition to correlations of the type in Fig. 4 , this localization results from the relatively large value of g and small value of n, implying that substantial contour length from the start of chain growth is required to form a knot. We analyzed these seemingly localized knots and found, fortunately, that their statistics were what we would expect from Fig. 4(a) rather than the identical configurations of Fig. 4(b) . As such, the correlation errors in our simulation are essentially the same as we would expect from a bead displacement Monte Carlo method where the knots are infrequent and have low mobility; we sample many configurations of knots within a particular location of the chain. Note that, in dynamic simulations, knot diffusion along the chain is not equivalent to the formation and destruction of many knots as the diffusing knot has memory of its previous configuration. As such, even if a dynamic simulation allows the knot to move, it may still exhibit the same correlation errors as a chain growth method.
The distribution of knot locations in Fig. 5 is noisier than previous results obtained for knot formation in free solution. 36 The distributions are also flatter than those reported previously. 36 This flattening may arise from the difference in methodology, as the chain growth method used here does not involve diffusion of contour along the chain, or could be due to the shorter segment-segment correlation length in confinement.
In what follows, we will continue to include data for the smallest channels for completeness, keeping in mind the possibility for correlation errors when knotting is rare. It is worth noting that correlation errors are well controlled in our prior PERM work on chain extension and its variance 25, 30, [37] [38] [39] [40] by simply running more tours. Since each tour is independent, the FIG. 5. Probability density for observing a knot at a fractional distance d k away from the bead with the minimum position for different channel sizes.
statistics eventually become independent of the number of tours. Typically, this requires around 10 6 tours. Unfortunately, given the amount of data produced when we store the configurations and the post-processing required to compute the knots, it is infeasible to run another order-ofmagnitude more tours here. In prior work, 25, 30, [37] [38] [39] [40] all thermodynamic data were computed onthe-fly without storing configuration data to disk or performing any post-processing.
In addition to the overall knotting probability, we can also determine the probability that a given chain contains multiple knots. As seen in Table I , the total number of knots that we observed in our simulations exceeds the number of knotted chains for all channel sizes with the exception of H ¼ 35 nm. Table II provides the probability of observing multiple knot formation in each channel size up to k ¼ 4 knots, obtained after removing the PERM bias. The frequency of observing multiple knots on a given chain increases as we increase the channel size, consistent with the arguments about hairpin formation and excluded volume made in the context of Fig. 3 .
Previously, Michelleti and Orlandini 17 proposed a combinatorial model for determining the number m of identical prime knots of the same type within a chain. It is interesting to see whether this model also applies in general to the overall probability of finding multiple knots within a chain. The combinatorial model predicts that the probability p k of observing k knots within a chain is given by
wherep ¼ 1 À p is the probability that a chain contains no knots. As we see in Fig. 6 , Eq. (10) is a very good approximation in terms of the absolute value of the probability and the overall trend in the data. The relative error can become large for rare knots, since the probability of observing such knots is small. However, we cannot determine whether the disagreement there is due to limitations of the model or sampling errors in the simulations.
B. Knot type and size
In addition to identifying the prevalence of knotting and the frequency of multiple knots on a given chain, the Alexander polynomials 26 provide information on the type of knot. Table III provides the percentage of each knot type observed in our simulations. For the smallest channels, we only obtain trefoil knots, presumably due to the strong excluded volume created by forming a hairpin. As the channel size increases, the frequency of trefoil knots decreases in favor of the formation of increasingly more complex knots. We have even observed knots that may have up to 8 crossings. Given the limitations of the Alexander polynomial, these apparent 8-fold knots may be compound knots with the same polynomial. As such, we can only state with confidence that we observe knots with up to seven crossings.
The statistics for the 5-fold knots in Table III are of particular interest with respect to previous work on knotting in the absence of confinement. 41 In previous simulations of unconfined circular DNA, Rybenkov et al. observed that the 5 2 twist knot occurs at a higher frequency than the 5 1 torus knot. 41 We observe similar behavior in Table III for the smaller channel sizes, but then the trend reverses. We have tested the result as a function of the number of tours using 5 Â 10 4 ; 1 Â 10 5 , and 1:5 Â 10 5 tours, and find that the ordering in Table III is robust to the number of tours, albeit with differences in the values of the probabilities due to the sampling errors. Establishing firm bounds on the probabilities in Table III would require at least one order of magnitude in tours, based on our experience in previous work, 25, 30, [37] [38] [39] [40] where expectations were computed on-the-fly during the PERM simulations. Given that the knotting problem requires storing and post-processing the configurations, such an analysis is infeasible. Nonetheless, it is intriguing that the reversal in the trend for 5-fold knots takes place at the point where the global persistence length begins to approach the DNA persistence length. Fully determining how 5-fold knots evolve as a function of confinement represents an interesting but computationally challenging avenue for future work. Inasmuch as we have obtained a reasonable amount of data for knots with complexities exceeding the 3 1 knot, it is worthwhile to see whether these more complex knots contain substantially more DNA. To this extent, Fig. 7 provides box plots for the distributions of contour length within a knot, L k , for each knot type reported in Table III . There is a modest increase in the contour length involved in the knot as its complexity increases. However, simply having more DNA involved in the knot does not imply that the knot is more complex. The "outliers" in the box plots for the trefoil knots can contain more DNA than any of the more complex knots, which is likely the result of better sampling of the trefoil knots. Nevertheless, Fig. 7 illustrates that knots of a particular type can have a very wide range of compactness. Figure 7 breaks out the contour length inside the knot in terms of the knot type. While convenient for understanding how knot complexity is related to knot size, such granularity in the data exceeds what is possible from genomic mapping experiments. 11 In the experiments, the amount of DNA contained within a purported knot was measured by aligning the DNA on the two sides of the knot to the reference genome, and then computing how much the knot contracted the DNA between the two linear regions, analogous to Fig. 1(b) .
To provide the optimal correspondence between our simulations and experiments, Fig. 8 provides the composite information on the distribution of contour length within the knots as a function of channel size, independent of the complexity of the knot. Overall, we find that the contour lengths L k corresponding to the bulk of the distributions remain essentially unchanged as the FIG. 7 . Box plot of the knot contour length statistics as a function of knot complexity for each channel size. The label "UN" on the x axis denotes "unknown" knots which Alexander polynomials fail to identify. The 8-fold knots are identified by Alexander polynomials and may be composite knots. The proportions of the data corresponding to each box are listed in Table III. channel size increases, although there is a slight uptick for H ¼ 55 nm and H ¼ 60 nm. Rather, the range of possible knot sizes increases substantially with channel size. The minimum contour length within a knot remains relatively unchanged with channel size at approximately 280 nm, reflecting the inability to tighten the knot any further due to excluded volume within the knot. As the channel size increases, the longest knot observed in our simulations increases as the knot can swell to fill the larger channel volume. If the knot is a compact object, we might expect that the maximum in the distribution would scale like H
3
. The data in Fig. 8 suggest that this power law might be a reasonable description of the data, but the limited range of channel sizes and using the maximum in the distribution limits the probative value of such a power law.
IV. DISCUSSION
The objective of our simulations was to fill in the gap in the simulation literature for long DNA chains in small channels, thereby addressing directly the situation studied by Reifenberger et al. 11 in their genomic mapping experiments. To do so, we took an alternate simulation approach (PERM) that is well suited to generate very long molecules in the Odijk regimes. 25, 30, [37] [38] [39] [40] Overall, the result obtained for long chains in our simulations are in agreement with those obtained by Orlandini and coworkers for short chains. 16, 17, 19 For example, the distributions for H ¼ 55 and 60 nm channels in Fig. 8 approximately agree with previous simulations 19 carried out for shorter DNA (1.2-4.8 lm) in a 56 nm channel and for circular DNA of length 4.8 lm confined in a slit. 16 Furthermore, the typical value of the knot size in our simulation is about 0.5 lm, which is 3 times smaller than that observed in experiments, 11 but close to that found in previous simulations for short DNA in similar confinement. 17, 19 This disagreement between the experiment and simulation was also discussed in the article on experimental data, 11 and was left as an open question: Would the chain size affect the agreement? Our results clearly indicate that increasing chain length beyond that used previously 17, 19 does not affect the knot size. This statement is also consistent with previous simulation work in one-dimensional confinement, 19, 42, 43 where the chain sizes were small and similar conclusions about the knot localization were made.
Our simulations uncovered a number of very complex knots (Table III) that have not been seen previously in simulations at such strong confinement, and we also have instances where there are multiple knots within a single chain (Table II) that are not seen for shorter molecules. Both of these new results arise from our change in methodology, but they do not change the key conclusion reached by Reifenberger et al.
11 -the experimental data are not consistent with predictions from equilibrium simulations of confined DNA.
What are the reasons for the discrepancy between simulations and experiments? While it is always possible that the model itself is not sufficient, this seems unlikely to be the dominant factor given the success of this model in capturing other properties of confined DNA in experiments. 27, [44] [45] [46] [47] The equilibrium knots tend to be much smaller than those observed in experiments. The distribution of contour lengths in experiments 11 is centered around 5 kilobase pairs (approximately 1.7 lm) and the maximum extends out to almost 40 kilobase pairs (approximately 13.6 lm). These results disagree with the data reported in Fig.  8 ; the simulated knot formation is always substantially smaller than what is observed in experiments. We would expect the knot size in the simulations to be smaller than the experiments, since we can trim the subchain down to the minimal size required to form a knot, whereas the experimental measurement has much less precision. However, it seems highly unlikely that this difference in measurement precision could result in a several-fold change in the results.
Addressing the knotting frequency is a more subtle question than the knot size. The knotting probabilities in Fig. 3 vary from 10% at H ¼ 45 nm to 16% at H ¼ 50 nm, which is the relevant range of channel sizes in genomic mapping experiments. 48 In this first approximation, the knotting probabilities in simulations and experiments seem to be in qualitative agreement.
However, the comparison between experiments and simulations is not as simple as this first approximation suggests, with competing factors that would lead to the simulations overestimating or underestimating the knotting probability. On one hand, the simulations include only the number of knotted events, while the experiments include all anomalously high intensity events that are not 2Â intensity relative to the baseline and are not located at the leading edge of the molecule. As indicated in the example of Fig. 2 , an anomalously high segmental density q s ðxÞ is not necessarily coincident with the existence of a knot. Indeed, while two of the knots in that particular molecule have the two highest segmental densities, the third knot is the 8th highest density spike. Thus, by only considering the knotting events, the simulations should underestimate the frequency of anomalously bright events (which may or may not be knots). On the other hand, the simulations have an infinite signal-to-noise ratio, while the experimental analysis required a smoothing algorithm to deal with the relatively low signalto-noise ratio of the backbone intensity under the 38:1 dye-to-base-pair ratio used in genome mapping. 11 Similarly, the spatial resolution of the simulations is set by the bead size (5.6 nm), while the experiments are limited by the pixel size of the image (108.3 nm). 11 The higher spatial resolution and signal-to-noise ratio in the simulations should overestimate the frequency of anomalous intensity events in experiments. Given that these two effects point in opposite directions, any agreement between the predicted knotting probability in simulations and the frequency of anomalously bright events in experiments could arise from a fortuitous cancellation of errors.
In an attempt to provide a better correspondence between the simulations and experiments, we also analyzed the 45 nm channel simulation data in a manner that is closer to the experimental analysis. 11 Explicitly, we computed the segmental density profile qðxÞ and determined the probability that a chain will exceed a threshold value q Ã in at least one bin position x along the chain. Using the cutoffs provided in experiments, we found that the probability of our simulated chains having a 2Â intensity spike is 88.8%, whereas a 3Â intensity spike had a probability of 28.1%. These results suggest a 28.1% probability of a knot-like intensity event and a 60.7% probability of a fold (i.e., the remaining events that are at least 2Â). Both values are substantially higher than the experimental results. One potential problem in this comparison is the aforementioned difference in the signal-to-noise ratio. If we increase the threshold to a 4Â intensity spike, we observe a much lower value of 0.5%. The sensitivity of the analysis method to the particular choice of cut-off, which itself is connected to the signal-to-noise, makes it challenging to directly compare the probability of observing anomalously bright events in experiments to simulations.
Taken together, our analysis of both the knotting frequency and probability of knotting calls into question whether the presumed knots observed by Reifenberger et al. 11 are indeed knots at all, a point that was also raised in that publication. A definitive answer to this question requires further experiments on the dynamics of these regions of anomalously high segmental density. Given the low mobility of DNA within such a small channel 28, 49 and the very large DNA molecules, it seems unlikely that there is sufficient time for the knots to diffuse to the ends of the chain without photobleaching the dye. In fact, recent dynamic simulations 18, 19 for short chains confined in a nanochannel showed that the knot lifetime is up to two orders of magnitude shorter than the time span from untying a knot to the formation of a new knot when the channel size is close to the persistence length. In particular, Suma et al. 19 found that, for a 4.8 lm long chain in 56 nm channel, the mean knot lifetime was around 20 ms, whereas the mean time between formation of knots was about 150 ms. They also varied the chain length from 1.2 to 4.8 lm and showed that the knot lifetime increases by increasing the chain length because the knot needs to diffuse much farther to reach the adsorbing boundary condition at the chain end. However, the waiting time between two knotting events was almost independent of the chain size because the rate of formation of a new knot depends on the rate at which backfoldings occur at the chain end, which is a local nucleation event. Overall, we might expect an increased value of the knot duration for much longer chains similar to what we have in this work. However, if the anomalously bright regions are not topologically constrained, we might expect their size to diminish on experimental time scales due to excluded volume interactions. Thus, dynamic experiments are likely to be a key step towards understanding anomalous bright regions during genomic mapping.
V. CONCLUDING REMARKS
In the present contribution, we have used PERM simulations of a discrete wormlike chain model to investigate the knotting of DNA in the strong confinement used for genome mapping in nanochannels. Overall, we found that increasing the contour length of the chain did not qualitatively change the conclusions reached by simulations of shorter chains in similar degrees of confinement. 16, 17, 19 We did observe more complicated knots and multiple knots per chain, both of which are likely due to the ability of PERM to reach high molecular weights in the Odijk regime. These results are encouraging for future work on knotting in strong confinement, in particular, for dynamic simulations, since shorter chains are considerably less expensive to simulate than their longer counterparts. They also suggest that PERM could be an efficient method to look at rare knotting events.
Our study of longer chains was motivated by the experiments by Reifenberger et al.,
11
who reported the presence of anomalously bright regions along the DNA backbone during genome mapping in nanochannels. Our analysis of both the knotting probability and, more importantly, the contour length of DNA involved in a knot suggest that the anomalously bright regions observed during genome mapping experiments 11 are not consistent with the predictions of the sizes of knots in the equilibrium ensemble of confined DNA chains in channels near the persistence length. This is a promising result with respect to the genomic technology. Even when the DNA is knot-free, it still undergoes thermal fluctuations that lead to small changes in the distance between labels on the DNA during genome mapping. Since the equilibrium knots are typically small, the presence of knots within the DNA is unlikely to have a significant effect on the quality of the genomic maps obtained by stretching DNA in nanochannels.
While there are several positive aspects of our study with respect to both simulations of knotted DNA in nanochannels and their effect on genome mapping, the simulations reported here do not explain the anomalously bright regions observed during genome mapping experiments. 11 However, if they do not arise from thermal fluctuations at equilibrium, then they are not an intrinsic limitation of the technology. Rather, these anomalously bright regions must arise from some other part of the experimental protocol. Possible reasons include knots on the DNA that form prior to injection into the nanochannel, defects within the nanochannel that lead to transient adsorption to the surface, or failure to completely remove DNA binding proteins during extraction from the cells. It is also possible that the large brightness is due to knots that are passing between one another. 50 We are optimistic that further experimental work, in particular, visualizing the dynamics of these bunched regions of DNA, will ultimately reveal their origin and an approach to minimize their effect on genome mapping.
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